A miniature microwave discharge neutralizer has been developed in order to develop the miniature ion engine system. Extracted electron currents from the microwave discharge neutralizer are measured for two neutralizers, cylindrical discharge chamber with monopole antenna and the same discharge chamber as miniature microwave discharge ion thruster developed at Kyushu University for two orifice diameters. The former shows that the extracted electron current is 14 mA at incident microwave power of 4 W, 6 mA at incident microwave power of 2 W at mass flow rate of 0.005 mg/s. This small extracted current would be due to the large loss on the discharge chamber wall. On the other hand, the best extracted electron current of the latter, is 11 mA at mass flow rate of 0.005 mg/s and incident microwave power of 4 W, by optimizing the orifice diameter or position of the orifice plate. From the poor performance at incident microwave power of 2 W, the plasma-microwave coupling is worse than that of the former.
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Introduction
The demand for mN class miniature propulsion systems is expected to grow in the future 1) for small satellites, since the adoption of small satellites, with their flexibility, short development time and low cost, has been a breakthrough in space applications. 2, 3) Until recently, however, size restrictions have limited the capacity of the available propulsion systems.
Electric propulsion systems are desirable propulsion system for a variety of space missions, such as deep space probes or monitoring the weather, since a specific impulse of electric propulsions will be considerably higher than that of chemical rockets. Particularly, an ion thruster produces high thrust efficiency with a specific impulse of 3,000-8,000 sec 4) , Therefore, ion thrusters have already been used extensively in space missions, such as Deep Space  5) , HAYABUSA 6, 7) , and others 8) . Therefore, the adoption of ion thrusters into small satellites will expand their ability, that is, missions such as Mars exploration and self-disposal of satellites would become possible. The miniature ion thrusters can also be used for precise high-stability attitude and position control in large spacecrafts, as well as for primary propulsion of microsatellites. 9) Several studies have been conducted on the miniature ion thruster. [10] [11] [12] [13] Wirz et al. showed good performance of a 30 mm Miniature Xenon Ion (MiXI) thruster 10) , that is, the propellant utilization and the ion beam production cost were 0.8 and 500 W/A, for 0.02 mg/s of xenon mass flow rate. However, an electron bombardment-type ion source was used for ion production, so that operation time was limited by the thermionic cathode lifetime.
A microwave discharge ion source would offer a potentially longer thruster lifetime than the electron bombardment-type, since it would be free from contamination and degradation of electron emission capacity.
14, 15) Hence we have been developed a microwave discharge ion thruster and a neutralizer. The thrust performance of miniature microwave discharge ion thrusters developed at Kyushu University, that is, η u , ε C , F, I sp and η t are 0.91, 610 W/A, 0.79 mN, 4.1×10 3 sec and 0.57, respectively at m  =0.019 mg/s, and P i = 8 W 16) . The thrust density of this thruster is 5.6 N/m 2 , which is about four times larger than that of the NSTAR ion engine. 5) For practical applications, some improvement in the performance is needed.
A miniature ion thruster requires a miniature neutralizer in order to prevent the satellite from charging up by neutralizing the ion beam. However, the performance of the microwave discharge neutralizer developed at Kyushu University has thus far been inferior to conventional hollow cathode, because of the high cost of ion production due to poor microwave-plasma coupling as well as high losses from ion and electron collisions with the walls 17) . The aim of this study is to develop a miniature microwave neutralizer for this miniature ion thruster. The target electron emission current is 12 mA at input power of 2 W and xenon mass flow rate of 0.005 mg/s.
Experimental apparatus
A 0.6 m diameter by 1 m long vacuum chamber was used in the experiments. The pumping system comprised a turbo molecular pump and a cryo pump. The background pressure was maintained below 1.2 × 10 -3 Pa for most of the operating conditions. Microwave power at 2.45 GHz was fed through a coaxial line and into an antenna. The collector was biased to +30 V with respect to ground, i.e. body of the neutralizer, in order to extract electrons, as shown in Fig.1 . This simulates a practical operation. The distance of neutralizer and the collector is 5 mm. Pure xenon gas (99.999% pure) was used as a working gas. A thermal mass flow controller (Brooks Instrument products, 5850S) was used. We used two types of a miniature microwave discharge neutralizer. One has a cylindrical discharge chamber (A type) and the other has the same discharge chamber as the microwave discharge ion thruster developed at Kyushu University (B type) 18) . The cross section and magnetic field profile of the A type neutralizer is shown in Fig. 2 . The inner diameter and length of the discharge chamber are 10 mm and 30.6 mm, respectively. The diameter of the orifice is 7 mm. Microwaves are emitted from a monopole antenna, which is set on the axis of the discharge chamber. The length of the antenna is 30 mm. A magnetic circuit consists of a ferrite magnet. The magnetic field profile of this thruster (calculated using QuickField 5.5, 19) Tera Analysis Co.) is shown in Fig.  2 . The outer diameter, the inner diameter and the length of the ferrite magnets are 45 mm, 22 mm, 24 mm, respectively. An electron cyclotron resonance (ECR) layer exist in the discharge chamber: on the layer, electrons effectively gain energy from the microwaves by electron cyclotron resonance (ECR) heating, and ionize neutral atoms.
The cross section of the type B is shown in Fig.3 . The inner diameter of discharge chamber is 18 mm. The ion source consists of a magnetic circuit, which has several samarium cobalt (Sm-Co) permanent magnets and iron yokes. The inner diameter and thickness of front yoke are 18 mm and 2 mm, respectively . Microwave power at 2.45 GHz was fed through a coaxial line and into an antenna. A star antenna is used, since it showed good performance for miniature ion thruster in our previous study.
13 ) The antenna is inscribed in a 9 mm diameter circle and is made of molybdenum. The thickness of it is 1 mm. The tip of the antenna is inserted in front of the central yoke. 
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Trans Figure 5 shows the dependence of extracted electron current on incident microwave power at m  = 0.005 mg/s. The extracted electron current is increased with the increase in the incident microwave power. The extracted electron current is 14 mA at P=4 W, which is two times larger than the goal. When P i =2 W, the electron current is only 6 mA. This small extracted current is due to the large loss on the discharge chamber wall and the poor microwaves-plasma coupling. That is, the magnetic line of force comes into the chamber wall, as shown in Fig.2 ; electron is easy to collide with the wall. In addition, the ECR layer doesn't exist whole over the discharge chamber, so the microwave-plasma coupling is poor. To improve the performance of a microwave neutralizer, magnetic field of microwave discharge neutralizer should be redesign as above mentioned.
Therefore, we developed type B neutralizer, since the magnetic line of force does not penetrate the chamber wall. In addition, the results as ion thruster, The plasma density in the discharge chamber is estimated as 5×10 17 m -3
, at P =2 W and m  =0.01 mg/s, this is enough plasma density for our goal. to keep the same pressure inside the discharge chamber as above condition(mass flow rate is 0.01mg/s), the orifice diameter of type B is 8 mm Figure 6 shows the extracted electron current of type B at =8 mm for three flow rates, 0.005, 0.01 and 0.02mg/s. As type A, extracted electron current of type B is increase with increase in incident power until some incident power. The extracted electron currents of type B are about ten times less than these of type A. In addition, it cannot work at P i <4 W if mass flow rate is 0.005mg/s. This is due to the low neutral atom density in the discharge chamber to maintain plasma at
Beyond some critical incident power, the extracted electron currents are decreased with increase in P i . This decrease in the electron current would be due to the increase in plasma potential inside the discharge chamber, which would be close to the collector biased voltage, 30 V. With increase in incident power, electron temperature inside the discharge chamber is increased; this leads to increase the plasma potential. So the electron temperature inside the discharge chamber would too high since the pressure in the discharge chamber is low.
Therefore, the electron currents for three orifices, 2 mm, 4 mm, 8 mm were measured in order to investigate the dependency of neutralizer performance on the pressure inside the neutralizer. Figure 7 shows the dependence of extracted electron current on orifice diameter. With = 2 mm and = 4 mm, Plasma can keep at m  = 0.005 mg/s and P i = 2 W, which is our target condition, though the current is still low. There is the optimum orifice diameter in type B, and it is 4 mm in this study. With = 2 mm, the pressure inside the discharge chamber is too high, so that the electron temperature in this condition is too low; the plasma density is low in this power range. On the other hand, With = 8 mm, the pressure inside the discharge chamber is too low at m  = 0.005 mg/s or m  = 0.01mg/s, therefore, We could get the best performance with = 4mm, extracted electron current of 8.1 mA at P =4 W and m  =0.005 mg/s. However, the best performance of type B is still worse than that of type A. 
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This ion source has a magnetic tube formed by a magnetic circuit, as shown in Fig. 8 . It would work as a virtual cathode, 20) Where trapped electrons gain energy from the microwaves by electron cyclotron resonance (ECR) heating, and ionize neutral atoms while undergoing reciprocating motion between magnetic mirrors. Therefore, most of the ionization would occur in the magnetic tube. However, the orifice plate is set in front of the front yoke, so, electrons motion would be interrupted by this plate, as shown in Fig. 8 . Not to interrupt the electron's reciprocating motion, the orifice plate move 2 mm toward the downstream, by putting 2 mm spacer between the orifice plate and the front yoke. Figure 9 shows the extracted electron current with or without space. The orifice diameter is 4 mm. The extracted currents are increased with space as expected. The extracted current is 11 mA at m  = 0.005 mg/s and P i = 4 W, which is almost the same performance as that of type A. the extracted current at P i = 2 W is less than that of type A in the same condition, which means the plasma-microwave coupling is worse than that of type A. 
Summary
In order to develop miniature microwave discharge neutralizer for miniature ion thruster, the extracted electron currents of two types of neutralizers for various condition were measured. One (type A) has a cylindrical discharge chamber and the other (type B) has the same discharge chamber as the microwave discharge ion thruster developed at Kyushu University.
The extracted electron current of type A at m  = 0.005 mg/s is 14 mA at P i =4 W, 6 mA at P i =2 W. This poor performance is due to the large loss on the discharge chamber wall and the poor microwaves-plasma coupling, since the magnetic line of force comes into the chamber wall, and the ECR layer doesn't exist whole over the discharge chamber. To improve the performance of a microwave neutralizer, the magnetic line of force inside the discharge chamber should not come across the channel wall.
The extracted electron currents of type B were measured for three orifices, 2 mm, 4 mm and 8 mm. There is the optimum orifice diameter in type B, and it is 4 mm in this study. This would be because that the pressure inside the discharge camber is inadequate at =8 mm or =2 mm; the pressure with =8 mm is too low and that with =2 mm is too high. The extracted electron current with =4 mm is 8.1 mA at P =4 W and m  =0.005 mg/s. In addition, the effect of spacer on extracted electron current was investigated, since the orifice plate would interrupt electrons motion. The extracted currents are increased with space as expected. And the extracted electron current was increased to 11 mA at m  = 0.005 mg/s and P i = 4 W by moving orifice plate 2 mm downstream.
The performance of both types of miniature microwave discharge neutralizers is still twice worse than that of our goal. As miniature microwave discharge ion thruster, we should optimize the antenna shape, magnetic field strength, magnetic field shape, among other factors.
